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SUMMARY 

The r e a c t i o n s  o f  l i n e a r  p e r f l u o r o p o l y a l k y l e t h e r  ( P F A E )  l u b r i c a n t s  w i t h  
a-FezO3 and Fe203-based s o l i d  superac ids  were s t u d i e d .  
a-Fe2O3 proceeds i n  two s tages .  The first s tage  i s  an i n i t i a l  slow c a t a l y t i c  
decompos i t i on  o f  t h e  f l u i d .  T h i s  r e a c t i o n  r e l e a s e s  r e a c t i v e  gaseous p r o d u c t s  
wh ich  a t t a c k  t h e  me ta l  o x i d e  and c o n v e r t  i t  t o  FeF3. 
more r a p i d  decompos i t i on  o f  t h e  f l u i d ,  e f f e c t e d  by  t h e  s u r f a c e  FeF3. A s t u d y  
of t h e  i n i t i a l  breakdown s t e p  was pe r fo rmed  u s i n g  a-Fe203, a-FezO3 p r e c o n v e r t e d  

t h e  breakdown r e a c t i o n  i n v o l v e s  a c i d i c  a t t a c k  a t  f l u o r i n e  atoms on a c e t a l  
carbons i n  t h e  l i n e a r  PFAE. P o s s i b l e  approaches t o  combat t h e  p rob lem a r e  
o u t  1 i ned . 

The r e a c t i o n  w i t h  

The second s tage  i s  a C) 
u3 ul 
d I 
W t o  FeF3, and s u l f a t e - p r o m o t e d  a-FezOg s u p e r a c i d s .  The r e s u l t s  i n d i c a t e  t h a t  

INTRODUCTION 

A s  newer aerospace systems a r e  d e v i s e d  f o r  o p e r a t i o n  a t  h i g h e r  speeds and 
a l t i t u d e s ,  t h e i r  l u b r i c a t i o n  systems must p e r f o r m  i n  much more severe  e n v i r o n -  
ments.  The development o f  t h e  n e x t  g e n e r a t i o n  o f  advanced gas t u r b i n e  eng ines  
may r e q u i r e  a l i q u i d  l u b r i c a n t  capab le  o f  o p e r a t i o n  a t  t empera tu res  i n  excess 
o f  350 "C i n  o x i d i z i n g  env i ronments  ( r e f .  1 ) .  For  a l u b r i c a n t  t o  be success fu l  
i n  these  o p e r a t i n g  c o n d i t i o n s ,  i t  must n o t  o n l y  possess a wide l i q u i d  range and 
good t e m p e r a t u r e - v i s c o s i t y  c h a r a c t e r i s t i c s ,  b u t  i t  must be t h e r m a l l y  and o x i d a -  
t i v e l y  s t a b l e .  P e r f l u o r o a l k y l e t h e r  (PFAE) compounds a r e  good c a n d i d a t e s  for 
use i n  these  h i g h  tempera tu re  a p p l i c a t i o n s  ( r e f .  2 ) .  The i n h e r e n t  thermody- 
namic s t a b i l i t y  o f  t h e  C-C, C-0, and C-F bonds, and t h e  c h e m i c a l l y  i n e r t  n a t u r e  
of t h e i r  C-0-C e t h e r  l i n k a g e ,  make these  mo lecu les  more s t a b l e  t o  thermal  and 
t h e r m o - o x i d a t i v e  breakdown than  comparable hyd roca rbons .  T h i s  the rma l  and 
chemica l  s t a b i l i t y  has l e d  t o  t h e  development i n  r e c e n t  y e a r s  o f  a number of 
PFAE f l u i d s ,  w i t h  somewhat d i f f e r i n g  chemica l  s t r u c t u r e s .  T h e i r  p r i m a r y  use 
has been as d i f f u s i o n  pump f l u i d s  f o r  h i g h  vacuum pumping, b u t  a number of 
these f l u i d s  a r e  b e i n g  c o n s i d e r e d  f o r  h i g h  tempera tu re  l u b r i c a t i o n .  
ous f l u i d s  wh ich  have been deve loped a r e  s i m i l a r  i n  many r e s p e c t s ,  e .g .  t h e y  
a r e  a l l  l o n g  c h a i n  p o l y e t h e r s  compr ised of s h o r t  monomeric segments. S t r u c -  
t u r a l  d i f f e r e n c e s  e x i s t  between t h e  v a r i o u s  f l u i d  t y p e s ,  however, and these  
s t r u c t u r a l  d i f f e r e n c e s  between t h e  a v a i l a b l e  PFAE's t r a n s l a t e  to  l a r g e  v a r i a -  
b i l i t i e s  i n  t h e i r  chemica l  s t a b i l i t i e s  a t  h i g h  tempera tu re .  I t  i s  f e l t  t h a t  
an e x a m i n a t i o n  of these  r e a c t i v i t y  d i f f e r e n c e s  can l e a d  t o  an u n d e r s t a n d i n g  of 
t h e  mechanisms o p e r a t i v e  d u r i n g  the rma l  and t h e r m o - o x i d a t i v e  breakdown. T h i s  
knowledge can a i d  b o t h  i n  d e v i s i n g  schemes t o  b l o c k  t h e  d e g r a d a t i o n  and i n  
development o f  newer, h i g h e r  tempera tu re  compound c l a s s e s .  P o s s i b l e  schemes 
for improvement of t h e  PFAE b e h a v i o r  a t  h i g h  tempera tu re  i n c l u d e  chang ing  t h e i r  

The v a r i -  
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m o l e c u l a r  s t r u c t u r e s ,  t he  use o f  a n t i o x i d a n t  a d d i t i v e s ,  and m o d i f i c a t i o n  o f  t h e  
( c a t a l y t i c )  s u r f a c e s  wh ich  may promote t h e i r  d e g r a d a t i o n .  

I n  f i g u r e s  l ( a >  and ( b )  a r e  shown t h e  s t r u c t u r e s  o f  two PFAE f l u i d s  wh ich  
a r e  p r i m a r y  cand ida tes  for h i g h  tempera tu re  l u b r i c a t i o n  a p p l i c a t i o n s .  The 
branched f l u i d  shown i n  f i g u r e  l ( a > ,  c o n s i s t i n g  o f  r e p e a t i n g  h e x a f l u o r o i s o p r o -  
poxy u n i t s ,  i s  produced by t h e  a n i o n i c  p o l y m e r i z a t i o n  o f  h e x a f l u o r o p r o p y l e n e  
o x i d e .  T h i s  m a t e r i a l  i s  t h e r m a l l y  s t a b l e  t o  tempera tu res  above 400 "C. I n  
a d d i t i o n ,  i t  i s  r e s i s t a n t  t o  a t t a c k  by s t r o n g  a c i d s  and bases a t  h i g h  tempera- 
t u r e s  ( r e f .  3). T h i s  the rma l  and chemical  s t a b i l i t y  makes t h i s  f l u i d  a s t r o n g  
c a n d i d a t e  f o r  h i g h  tempera tu re  l u b r i c a t i o n  a p p l i c a t i o n s .  One u n d e s i r a b l e  p rop -  
e r t y  o f  t h i s  f l u i d  wh ich  l i m i t s  i t s  use f o r  h i g h  tempera tu re  l u b r i c a t i o n ,  
however, i s  t h a t  i t s  v i s c o s i t y  ve rsus  tempera tu re  c u r v e  i s  too s teep  t o  a l l o w  
i t s  use o v e r  a wide enough tempera tu re  range f o r  many a p p l i c a t i o n s  ( r e f .  4 ) .  
I n  f i g u r e  l ( b )  i s  shown t h e  s t r u c t u r e  o f  a second PFAE f l u i d  which has b e t t e r  
t e m p e r a t u r e - v i s c o s i t y  c h a r a c t e r i s t i c s  ( r e f .  4>, and may a l s o  have h i g h  tempera- 
t u r e  a p p l i c a b i l i t y .  I t  i s  an unbranched f l u i d  wh ich  i s  made by p o l y m e r i z i n g  
t e t r a f l u o r o e t h y l e n e  i n  t h e  presence o f  oxygen ( r e f .  5 ) .  The m a t e r i a l  i s  a ran -  
dom copolymer o f  d i f l u o r o m e t h y l e n e  o x i d e  and t e t r a f l u o r o e t h y l e n e  o x i d e .  The 
thermal  s t a b i l i t y  o f  t h i s  f l u i d  i s  e x c e l l e n t ,  and i t s  o x i d a t i o n  r e s i s t a n c e  i s  
q u i t e  h i g h  i n  t h e  absence o f  me ta l  s u r f a c e s  ( r e f .  6). The decompos i t i on  tem- 
p e r a t u r e s  can be above 350 O C  under these c o n d i t i o n s .  I n  t h e  presence o f  c e r -  
t a i n  m e t a l s  and a l l o y s ,  however, o x i d a t i v e  decompos i t i on  i s  much more seve re .  
The p r e c i s e  r o l e  o f  t h e  me ta l  i n  t h e  d e g r a d a t i o n  i s  not c l e a r ,  b u t  t h e  
c a t a l y t i c  breakdown r e q u i r e s  t h e  presence o f  oxygen ( r e f .  7 ) .  T h i s  c a t a l y z e d  
o x i d a t i v e  breakdown does n o t  o c c u r  for t h e  branched f l u i d .  The d i f f e r e n c e  i n  

d i f f e r e n c e  i n  t h e i r  r e a c t i v i t y  towards  Lewis a c i d s .  Whereas t h e  branched f l u i d  
i s  s t a b l e  t o  a t t a c k  by  s t r o n g  a c i d s  and bases a t  t empera tu res  above 350 O C  
( r e f .  31, t h e  unbranched f l u i d  s u f f e r s  severe  breakdown w i t h  t h e  Lewis a c i d  
A l C l 3  a t  t empera tu res  as low as 100 O C  ( r e f .  8). I t  i s  p o s s i b l e  t h a t  a common 

and t h e  t h e r m o - o x i d a t i v e  b e h a v i o r  o f  these two f l u i d s .  

I t h e r m o - o x i d a t i v e  s t a b i l i t y  o f  t h e  two f l u i d s  i s  p a r a l l e l e d  by a c o r r e s p o n d i n g  

I u n d e r l y i n g  reason  may accoun t  f o r  d i f f e r e n c e s  i n  b o t h  t h e  chemica l  s t a b i l i t y  

I t  i s  w o r t h w h i l e  t o  c o n s i d e r  i n  some d e t a i l  t h e  s t r u c t u r a l  d i f f e r e n c e s  
between t h e  two f l u i d s  under  d i s c u s s i o n ,  and c o n s i d e r  how these d i f f e r e n c e s  
m i g h t  r e l a t e  t o  t h e i r  chemica l  s t a b i l i t i e s .  A s  f i g u r e  1 shows, one d i f f e r e n c e  
between t h e  branched and unbranched PFAE's i s  t h e  presence on t h e  f o r m e r  o f  a 
pendant  p e r f l u o r o m e t h y l  g roup.  I t  i s  p o s s i b l e  t h a t  t h i s  g roup can s t e r i c a l l y  
p r o t e c t  t h e  oxygen atom towards  a t t a c k  and subsequent c leavage o f  t h e  e t h e r  
l i n k a g e .  T h i s  p r o t e c t i o n  o f  t h e  e t h e r  g roup c o u l d  account  f o r  t h e  l ower  reac -  
t i v i t y  o f  t h e  branched f l u i d  towards a c i d i c  r e a g e n t s .  A second ma jo r  d i f f e r -  
ence between t h e  two f l u i d s  i s  t h e  presence i n  t h e  unbranched f l u i d  o f  a c e t a l  
l i n k a g e s ,  d e f i n e d  as t h e  presence o f  an 0-CF2-0 sequence i n  t h e  chemica l  s t r u c -  
t u r e  o f  t h e  m o l e c u l a r  c h a i n .  I n  hyd roca rbon  e t h e r s ,  t h e  presence o f  an a c e t a l  
l i n k a g e  g r e a t l y  i n c r e a s e s  t h e  r e a c t i o n  r a t e  toward  a c i d  c leavage o f  t h e  e t h e r .  
I t  has been argued t h a t  t h e  a c e t a l  l i n k a g e  p l a y s  a ma jo r  r o l e  i n  t h e  o x i d a t i v e  
d e g r a d a t i o n  o f  PFAE f l u i d s  i n  t h e  presence o f  wa te r  ( r e f .  9 ) .  T h i s  c o n c l u s i o n  
was reached by  compar ing  t h e  r e a c t i v i t y  o f  two d i f f e r e n t  PFAE s t r u c t u r e s ,  w i t h  
and w i t h o u t  a c e t a l  l i n k a g e s .  The reasons  f o r  the g r e a t e r  r e a c t i v i t y  o f  a c e t a l  
l i n k a g e - c o n t a i n i n g  PFAE's a r e  n o t  e n t i r e l y  unders tood .  Nonethe less ,  t h e  
g r e a t e r  r e a c t i v i t y  of t h e  unbranched f l u i d  i s  o f  i n t e r e s t  fo r  u n d e r s t a n d i n g  
t h e  d e g r a d a t i o n  processes .  
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I n  t h i s  paper ,  i t  i s  p roposed t h a t  t h e  i n i t i a t i o n  s t e p  o f  t h e  o x i d a t i v e  
decompos i t i on  o f  t h e  unbranched PFAE i s  t h e  p a r t i a l  t r a n s f e r  of e l e c t r o n  den- 
s i t y  from unshared e l e c t r o n  p a i r s  on atoms i n  t h e  l i n e a r  PFAE mo lecu le  t o  Lewis 
a c i d  s i t e s  a t  t h e  s u r f a c e  o f  t h e  ( o x i d i z e d )  me ta l  s u r f a c e .  T h i s  i n i t i a t i o n  
s t e p  i s  f o l l o w e d  by  t h e  r a p i d  u n z i p p i n g  o f  t h e  m o l e c u l e s .  T h i s  a c i d i c  a t t a c k  
by t h e  me ta l  o x i d e  a t  b a s i c  s i t e s  on t h e  PFAE i s  reasonab le  i n  l i g h t  of what i s  
known about  t h e  chemica l  s t a b i l i t y  o f  t h e  unbranched P F A E .  I n  a d d i t i o n  t o  i t s  
i n s t a b i l i t y  towards Lewis a c i d s  as n o t e d  above, i t  decomposes when i n  c o n t a c t  
w i t h  me ta l  o x i d e s  such as Zr02 and A1203 a t  e l e v a t e d  tempera tu res  ( r e f s .  9 and 
10) and t h e  presence o f  Lewis a c i d  s i t e s  on t h e  s u r f a c e  o f  many me ta l  o x i d e s  
i s  w e l l  documented ( r e f .  1 1 ) .  These a c i d i c  s i t e s  r e s u l t  from u n f u l f i l l e d  bonds 
and o t h e r  s u r f a c e  d e f e c t s  wh ich  a r e  e l e c t r o n - d e f i c i e n t .  A reasonab le  mechanism 
for t h e  i n i t i a t i o n  o f  f l u o r o e t h e r  breakdown i n  t h e  presence o f  oxygen and o x i -  
d i z a b l e  m e t a l s  i s  t h u s  t h e  f o r m a t i o n  o f  a s u r f a c e  me ta l  o x i d e ,  whose a c i d i c  
s i t e s  can r e a c t  w i t h  t h e  ( b a s i c )  f l u o r i n e  or oxygen atoms i n  t h e  m o l e c u l e .  
P a r t i a l  e l e c t r o n  t r a n s f e r  from t h e  atom i s  f o l l o w e d  by  c leavage  o f  a d j a c e n t  
bonds, s t a r t i n g  an u n z i p p i n g  process  wh ich  u n r a v e l s  t h e  c h a i n .  The observed 
l a r g e  v a r i a t i o n  i n  r e a c t i v i t y  from o x i d e  t o  o x i d e  i s  dependent upon t h e  d e n s i t y  
o f  a c i d i c  s i t e s  on  t h e  s u r f a c e  and t h e i r  degree o f  a c i d i t y ;  i t  i s  w e l l  known 
t h a t  t hese  two parameters  v a r y  c o n s i d e r a b l y  from o x i d e  t o  o x i d e  ( r e f .  1 1 ) .  The 
exper imen ts  d e s c r i b e d  i n  t h i s  r e p o r t  were under taken  t o  t e s t  t h e  h y p o t h e s i s  
t h a t  r e a c t i v i t y  i s  d i r e c t l y  r e l a t e d  t o  b o t h  t h e  d e n s i t y  and degree o f  a c i d i t y  
of s u r f a c e  a c i d  s i t e s .  

I n  these  exper imen ts ,  t h e  r a t e  o f  r e a c t i o n  was s t u d i e d  for a commercial  
PFAE f l u i d  i n  c o n t a c t  w i t h  powdered a-Fe203. The r e a c t i o n s  were performed 
under dynamic vacuum, and t h e  o n s e t  o f  f l u i d  decompos i t i on  was i n d i c a t e d  by  a 
p r e s s u r e  r i s e  i n  t h e  system. I n  a d d i t i o n  to  t h e  exper imen ts  i n v o l v i n g  u-Fe203, 
a number o f  exper imen ts  were pe r fo rmed  i n  wh ich  t h e  s u r f a c e  was t r e a t e d  t o  
enhance t h e  s u r f a c e  a c i d i t y .  These i n v o l v e d  t h e  t r e a t m e n t  o f  t h e  o x i d e  w i t h  
COF2, and t h e  use o f  Fe203-based superac ids .  

EXPERIMENT 

Ma te r  i a1 s 

The s t r u c t u r e  o f  t h e  unbranched PFAE f l u i d  used i n  t h i s  r e s e a r c h  i s  shown 
i n  f i g u r e  l ( a ) .  I t s  average m o l e c u l a r  w e i g h t  i s  10 000, and t h e  r a t i o  of p e r -  
f l u o r o m e t h y l  e t h e r  to  p e r f l u o r o e t h y l  e t h e r  u n i t s  i s  0.6:0.7. The branched 
PFAE f l u i d  s t r u c t u r e  i s  shown i n  f i g u r e  l ( b ) .  

a-Fe2O3 was s y n t h e s i z e d  u s i n g  s t a n d a r d  i n o r g a n i c  s y n t h e t i c  r o u t e s  
( r e f .  12 ) .  Reagent g rade Fe(N03)3*9H20 was d i s s o l v e d  i n  low c o n d u c t i v i t y  
d e i o n i z e d  w a t e r  and d r i e d  t o  Fe(OH13. The Fe(OH13 was hea ted  a t  300 O C  for  
3 t o  4 h r  t o  c o n v e r t  i t  t o  a-Fe203. X-ray d i f f r a c t i o n  o f  t h e  p r o d u c t  showed 
l i n e s  due to  a-Fe203 o n l y .  
Fe and 0 peaks .  
a c c o r d i n g  to  t h e  p rocedure  o f  Yamaguchi e t  a l .  ( r e f .  1 3 ) ;  XPS s p e c t r a  showed 
o n l y  Fe, 0, and S peaks. COF2 gas was used as r e c e i v e d .  Mass s p e c t r o m e t r y  
showed m i n o r  ( < 1  p e r c e n t )  i m p u r i t y  peaks a t t r i b u t a b l e  to  CF3COF and (CF3)zCO. 

X-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  ( X P S )  showed o n l y  
S u l f a t e - a c t i v a t e d  s o l i d  Fez03 s u p e r a c i d s  were s y n t h e s i z e d  
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FLUID DECOMPOSITION TEST APPARATUS AND PROCEDURE 

The apparatus used t o  de te rm ine  s t a b i l i t y  o f  t h e  f l u i d  i s  shown i n  f i g -  
u r e  2 .  A 5 m i  b o r o s i l i c a t e  g l a s s  b u l b  c o n t a i n i n g  t h e  f l u i d ,  powdered o x i d e ,  
and a polytetrafluoroethylene-coated s t i r r i n g  b a r ,  was a t t a c h e d  t o  a vacuum 
m a n i f o l d  th rough  a s topcock .  A thermocoup le  gauge tube was used t o  m o n i t o r  t h e  
p r e s s u r e  above t h e  f l u i d .  The e n t i r e  t e s t  p rocedure ,  i n c l u d i n g  degass ing  and 
r e a c t i o n ,  was per formed under a c t i v e  pumping c o n d i t i o n s .  The r e a c t o r  was evac- 
ua ted  by a commercial l i q u i d  n i t r o g e n - c o o l e d  s o r p t i o n  pump. The g l a s s  b u l b  was 
heated by immersing i t  i n  a h o t  o i l  b a t h  whose tempera tu re  was measured w i t h  a 
chromel-alumel thermocouple.  A magnet ic  s t i r r i n g  b a r  i n  t h e  h o t  o i l  b a t h  cou- 
p l e d  w i t h  t h e  s t i r r i n g  b a r  i n  t h e  r e a c t i o n  b u l b  t o  a g i t a t e  t h e  p o w d e r / l u b r i c a n t  
m i x  and ensure i n t i m a t e  c o n t a c t  between t h e  powder and t h e  l i q u i d .  I n  t h e  p r o -  
cedure,  t h e  b u l b  was first charged w i t h  50 to  60 mg powdered o x i d e  and -1 . 5  g 
l u b r i c a n t .  The b u l b  was evacuated  t o  10 mtorr or l e s s ,  and was then  degassed 
a t  150 O C .  D u r i n g  degassing,  t h e  p r e s s u r e  rose t o  50 t o  100 mtorr. Degassing 
was judged  complete when t h e  p r e s s u r e  f e l l  a g a i n  be low 10 mtorr. The b u l b  was 
then  removed from t h e  o i l  b a t h ,  and t h e  b a t h  was hea ted  t o  t h e  d e s i r e d  r e a c t i o n  
tempera tu re .  The r e a c t i o n  b u l b  was then  reimmersed i n  t h e  b a t h .  The p r e s s u r e  
as a f u n c t i o n  o f  t i m e  was reco rded .  The r e a c t i o n  t i m e  o f  t h e  p o w d e r / l u b r i c a n t  
m i x  was d e f i n e d  as t h e  t i m e  i t  took for t h e  p r e s s u r e  to  reach  200 mtorr .  T h i s  
r e a c t i o n  t i m e  w i l l  h e n c e f o r t h  be termed t h e  " i n d u c t i o n  p e r i o d . "  

MASS SPECTROMETER EXPERIMENTS 

I n  a d d i t i o n  t o  t h e  decompos i t i on  t e s t s  d e s c r i b e d  above, a number o f  exper-  
iments were per formed i n  wh ich  t h e  gaseous decompos i t i on  p r o d u c t s  were ana lyzed  
w i t h  a mass spec t romete r .  For these  s t u d i e s ,  a t r i p l e  quadrupo le  mass s p e c t r o -  
meter was used i n  t h e  s i n g l e  mass spec t romete r  mode. The gaseous decompos i t i on  
p r o d u c t s  were r o u t e d  t o  t h e  i o n i z e r  t h r o u g h  a g l a s s  U - t r a p  h e l d  a t  0 or -78 O C ,  

depending on t h e  o b j e c t i v e  o f  t h e  exper imen t .  Mass s p e c t r a  w e r e  o b t a i n e d  i n  
t h e  e l e c t r o n  impact  mode u s i n g  70 eV e l e c t r o n  energy.  The i n s t r u m e n t  was C a l i -  
b r a t e d  f o r  mass l o c a t i o n  and i n t e n s i t y  w i t h  t h e  s t a n d a r d  c a l i b r a t i o n  compound 
p e r f l u o r o t r i b u t y l a m i n e  ( F C  43) .  

CHEMICAL ANALYSIS 

Sur face  f l u o r i d e  a n a l y s i s  o f  one b a t c h  o f  r e a c t e d  powder was pe r fo rmed  
u s i n g  w e t  chemical  t e c h n i q u e s .  The l u b r i c a n t  was f irst d i s s o l v e d  and removed 
from t h e  powder w i t h  trichlorotrifluoroethane under d r y  n i t r o g e n .  A smal l  
q u a n t i t y  o f  d e i o n i z e d  wa te r  was t h e n  added t o  t h e  powder t o  d i s s o l v e  t h e  s u r -  
f a c e  f l u o r i d e .  Next ,  t h e  s l u r r y  was f i l t e r e d  to  remove t h e  powder, and t h e  
f l u o r i d e  c o n c e n t r a t i o n  i n  t h e  c l e a r  l i q u i d  was measured w i t h  an e l e c t r o d e  spe- 
c i f i c  f o r  f l u o r i d e .  The l i q u i d  was t h e n  t e s t e d  for d i s s o l v e d  i r o n  u s i n g  a tomic  
a b s o r p t i o n  spec t roscopy .  A b l a n k  was r u n  i n  which a q u a n t i t y  o f  u n r e a c t e d  pow- 
de r  was s l u r r i e d  w i t h  t h e  unbranched PFAE, b u t  never  hea ted .  The powder f r o m  
the  un reac ted  s l u r r y  was t h e n  e x t r a c t e d  and t r e a t e d  i n  an i d e n t i c a l  manner as 
t h e  sample had been. 
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RESULTS 

F l u i d  Decompos i t ion  

8 

F i g u r e  3 shows t h e  p ressu re - t ime  p l o t  wh ich  i s  o b t a i n e d  when 1.5 g o f  t h e  
unbranched PFAE f l u i d  i s  heated  w i t h  50 mg a-Fe203 a t  T = 185 O C .  

of t h e  cu rve  i s  t y p i c a l  of t h e  r e a c t i o n :  f i rst ,  t h e r e  i s  an i n i t i a l  s h o r t  
p e r i o d  i n  wh ich  t h e r e  i s  no  apparen t  r e a c t i o n ,  f o l l o w e d  by  a g r a d u a l l y  a c c e l e r -  
a t i n g  p ressu re  r i s e  u n t i l  t h e  p r e s s u r e  exceeds t h e  gauge 's  upper l i m i t  o f  
1 t o r r .  A t  t h i s  p o i n t ,  t h e  l u b r i c a n t / p o w d e r  m i x  i s  observed t o  be b u b b l i n g  
v i g o r o u s l y  up t h e  stem o f  t h e  r e a c t i o n  v e s s e l .  
185 O C  r e s u l t s  i n  complete loss o f  t h e  f l u i d  i n  15 t o  20 min .  
vesse l  t o  r o o m  tempera tu re  r e s u l t s  i n  an immediate c e s s a t i o n  of t h e  r e a c t i o n ,  
and r e h e a t i n g  i t  causes t h e  r e a c t i o n  t o  resume i m m e d i a t e l y .  The i n d u c t i o n  
p e r i o d  wh ich  was measured for  t h e  decompos i t i on  of t h e  unbranched f l u i d  i n  con- 
t a c t  w i t h  pu re  u-Fe203 was 8.0 min  (a = 1.6 m i n ) .  

no  p r e s s u r e  r i s e  o c c u r r e d  and no  p h y s i c a l  changes i n  t h e  f l u i d / p o w d e r  m i x  c o u l d  
be d e t e c t e d  d u r i n g  a 1 h r  p e r i o d ,  e x c e p t  f o r  a b r i e f  i n i t i a l  p r e s s u r e  r i s e  upon 
h e a t i n g  due t o  r e l e a s e  o f  d i s s o l v e d  gases. H e a t i n g  t h e  m i x  t o  205 O C  f o r  1 h r  
a l s o  r e s u l t e d  i n  no  changes. 

The shape 

M a i n t a i n i n g  t h e  tempera tu re  a t  
Quench ing  t h e  

When t h e  branched f l u i d  was heated  i n  c o n t a c t  w i t h  t h e  powder a t  185 O C ,  

An exper imen t  was pe r fo rmed  t o  de te rm ine  if t h e  r e a c t i o n  between t h e  
unbranched f l u i d  and t h e  u-Fe203 i n v o l v e d  a change i n  t h e  powder, t h e  l u b r i -  
c a n t ,  or b o t h .  The r e a c t i o n  was quenched a f t e r  t h e  p r e s s u r e  had reached 
1 t o r r ,  and t h e  b u l b  was removed from t h e  vacuum l i n e  and c e n t r i f u g e d  t o  sepa- 
r a t e  t h e  powder from t h e  l i q u i d .  The l u b r i c a n t  was removed from t h e  b u l b ,  a 
f r e s h  charge o f  l i q u i d  was added t o  t h e  powder, and t h e  m i x t u r e  was degassed. 
H e a t i n g  t o  185 O C  r e s u l t e d  i n  a r e a c t i o n  wh ich  was a l m o s t  immedia te ;  t h e  i nduc -  
t i o n  p e r i o d  was 40 s e c .  I n  c o n t r a s t  t o  t h i s  b e h a v i o r ,  when t h e  f l u i d  wh ich  had 
been removed from t h e  r e a c t i o n  vesse l  was added t o  f r e s h  a-Fe203, degassed, and 
heated  t o  185 OC, t h e  measured i n d u c t i o n  p e r i o d  was 8 m in .  T h i s  r e s u l t  i n d i -  
c a t e s  t h a t  a fundamenta l  change had o c c u r r e d  i n  t h e  powder, b u t  n o t  t h e  f l u i d ,  
d u r i n g  t h e  r e a c t i o n .  

The wet chemica l  t e s t  d e s c r i b e d  above was used to  a n a l y z e  t h e  powders for 
f l u o r i d e  and s o l u b l e  i ron.  A sma l l  q u a n t i t y  (0.15 g )  o f  r e a c t e d  Fez03 was 
e x t r a c t e d  and s l u r r i e d  i n  15 m l  d e i o n i z e d  H20. T h i s  t r e a t m e n t  w i l l  d i s s o l v e  
s o l u b l e  f l u o r i d e s  such as FeF3, b u t  n o t  t h e  u n r e a c t e d  o x i d e .  The f l u o r i d e  
i o n  c o n c e n t r a t i o n  i n  t h e  l i q u i d  was measured t o  be 0 .4  p m o l / l i t e r  ( b l a n k  = 
0.02 p m o l / l i t e r > .  
0.006 p m o l / l i t e r > .  

The i r o n  c o n c e n t r a t i o n  was 0 . 2  p m o l / l i t e r  ( b l a n k  = 

MASS SPECTROMETER ANALYSIS 

F i g u r e  4 shows a mass spec t rum o f  t h e  v o l a t i l e  vapors e v o l v e d  from t h e  
r e a c t i o n  v e s s e l  d u r i n g  t h e  " v i g o r o u s  r e a c t i o n "  s tage  o f  t h e  e x p e r i m e n t .  To 
remove any c a r r y o v e r  l u b r i c a n t ,  t h e  vapors  were r o u t e d  t h r o u g h  a c o l d  t r a p  
h e l d  a t  -78 OC e n r o u t e  t o  t h e  mass s p e c t r o m e t e r .  The mass spec t rum shows 
s t r o n g  peaks due t o  C02 (44, 28).  and COF2 (28, 47, 66 ) .  I n  a d d i t i o n ,  t h e r e  
a r e  weaker peaks a s s i g n a b l e  t o  CF3CFO (69, 116) .  The e x t e n s i v e  f r a g m e n t a t i o n  
wh ich  o c c u r s  i n  t h e  e l e c t r o n  impac t  spec t rum o f  f l u o r o e t h e r s  and f l u o r a c i d s  
makes mass s p e c t r o m e t r y  o f  l i m i t e d  v a l u e  i n  d e t e r m i n i n g  t h e  s t r u c t u r e s  of a l l  
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t h e  v o l a t i l e  components evo lved ,  and a t t e m p t s  t o  m i n i m i z e  f r a g m e n t a t i o n  ( l o w e r  
e l e c t r o n  energy,  chemical  i o n i z a t i o n  techn iques )  were unsuccess fu l .  Nonethe- 
l e s s ,  t h e  presence o f  COF2 i s  d e f i n i t e  and CF3CFO v e r y  p robab le ,  as v o l a t i l e  
decompos i t i on  p roduc ts  wh ich  a r e  genera ted  a t  t h e  p o w d e r - l i q u i d  i n t e r f a c e .  

F i g u r e  5 shows t h e  r e s u l t s  o f  an exper imen t  i n  wh ich  t h e  e v o l u t i o n  o f  C02 
and COF2 were c o n t i n u o u s l y  m o n i t o r e d  d u r i n g  t h e  e a r l y  s tages  o f  t h e  e x p e r i m e n t ,  
be fore  v i g o r o u s  b u b b l i n g  had commenced. I t  can be seen t h a t  t h e  r e l a t i v e  
amounts of evo lved  C02 and COF2 change d r a m a t i c a l l y  d u r i n g  t h e  e a r l y  s tages  of 
the  r e a c t i o n .  I n i t i a l l y ,  t h e  e v o l v e d  gases a r e  more c o n c e n t r a t e d  i n  C02, b u t  
g r a d u a l l y  t he  COF2 c o n t e n t  r i s e s ,  and t h e  C02 c o n t e n t  decreases. 

The chang ing  COF2/C02 r a t i o  i n  t h e  e a r l y  p r o d u c t s ,  and t h e  presence o f  F- 
on t h e  s u r f a c e  o f  t h e  powder, suggested t h a t  t h e  f o l l o w i n g  r e a c t i o n  was t a k i n g  
p l  ace : 

For t h i s  r e a c t i o n ,  t h e  s t a n d a r d  f r e e  energy  change, AGO, i s  c a l c u l a t e d  t o  be 
-123 k c a l / m o l  a t  500 O K  ( r e f .  14) .  A slow c o n v e r s i o n  o f  t h e  Fez03 t o  FeF3 v i a  
t h i s  r e a c t i o n  can q u a l i t a t i v e l y  e x p l a i n  t h e  change i n  t h e  CO2/COF2 r a t i o  d u r -  
i n g  t h e  e a r l y  s tages  o f  t h e  r u n .  The i n i t i a l  slow decompos i t i on  o f  t h e  f l u i d ,  
slowly c a t a l y z e d  by  Fe2O3, r e l e a s e s  b o t h  C02 and COF2 a t  t h e  s o l i d  l i q u i d  
i n t e r f a c e .  Much o f  t h e  COF2 wh ich  i n i t i a l l y  forms i s  used up i n  r e a c t i o n  ( l ) ,  
r e s u l t i n g  i n  a r e l a t i v e l y  h i g h e r  CO2/COF2 r a t i o .  
t h e  o x i d e  i s  c o m p l e t e l y  c o n v e r t e d  to  t h e  f l u o r i d e .  A t  t h i s  p o i n t ,  COF2 i s  no  
l o n g e r  used i n  r e a c t i o n  (l), and i t  i s  r e l e a s e d  as a gas .  The CO2/COF2 r a t i o  
thus  f a l l s  t o  i t s  "normal "  v a l u e  as de te rm ined  by t h e  decompos i t i on  o f  t h e  
f l u i d .  

E v e n t u a l l y ,  t h e  s u r f a c e  o f  

COF2 'PRETREATMENT 

To t e s t  t h i s  h y p o t h e s i s ,  one exper imen t  was pe r fo rmed  i n  wh ich  t h e  powder/  
l i q u i d  m i x  was f i r s t  degassed a t  150 O C  i n  vacuo, and was t h e n  t r e a t e d  a t  
110 O C  w i t h  a smal l  q u a l i t y  (50 s t a n d a r d  m l )  COF2 t h r o u g h  an immersed b u b b l e r  
t ube .  When t h e  r e s u l t a n t  p o w d e r / l u b r i c a n t  m i x  was hea ted  t o  185 O C ,  r e a c t i o n  
was a lmos t  immediate:  t i m e  t o  200 mtorr was 50 sec .  T h i s  compares w i t h  t h e  
r e s u l t  of 8 min  for t h e  u n t r e a t e d  powder. T h i s  d r a m a t i c  l o w e r i n g  o f  t h e  i nduc -  
t i o n  p e r i o d  w i t h  COF2 t r e a t m e n t  o f  t h e  r e a c t a n t s  suppor t s  t h e  h y p o t h e s i s  t h a t  
COF2 i s  indeed c o n v e r t i n g  t h e  sur face  t o  FeF3, wh ich ,  because of i t s  h i g h  a c i d -  
i t y ,  i s  more e f f e c t i v e  i n  p r o m o t i n g  t h e  f l u i d  d e g r a d a t i o n .  

SUPERACID EXPERIMENTS 

To f u r t h e r  t e s t  t h e  r e a c t i v i t y  o f  t h e  l i n e a r  PFAE f l u i d  towards a c i d i c  
sur faces ,  i t s  b e h a v i o r  was s t u d i e d  i n  t h e  presence o f  a powdered s o l i d  super-  
a c i d ,  namely, Fez03 promoted w i t h  s u l f a t e .  T h i s  m a t e r i a l  c o n s i s t s  o f  a s o l i d  
m a t r i x  o f  u-Fe203 w i t h  a sma l l  amount o f  s u l f u r  o x i d e  on  i t s  s u r f a c e .  The 
s u l f u r - o x y g e n  a tomic  arrangement i s  a un ique  b r i d g i n g  s t r u c t u r e  ( r e f .  13) 
which l ends  v e r y  h i g h  a c i d i t y  to  t h e  s u r f a c e ,  w i t h  Hammett (Ho) va lues  ( - 1 2 . 5  
( r e f .  1 5 ) .  T h i s  means t h a t  t h e  a c i d i t y  o f  t h e  m a t e r i a l ,  as measured by Ho, 
i s  100 t imes  t h a t  o f  c o n c e n t r a t e d  H2SO4. The e x c e e d i n g l y  h i g h  Lewis a c i d i t y  
man i fes ts  i t s e l f  i n  a v e r y  h i g h  c a t a l y t i c  a c t i v i t y  i n  a c i d - c a t a l y z e d  chemica l  
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r e a c t i o n s ;  e .g . ,  t h e  r a t e  of  c a t a l y t i c  d e h y d r a t i o n  of 2-butanol  i s  enhanced 
two h u n d r e d f o l d  o v e r  unpromoted a-Fe203. XPS and I R  s p e c t r o s c o p i e s  have shown 
t h a t  t h e  s u r f a c e  a c i d i t y  i s  r e l a t e d  t o  t h e  presence o f  S + 6 ;  f u r t h e r ,  c a t a l y t i c  
a c t i v i t y  towards hydrocarbon r e a c t i o n s  can be removed ( r e f .  13) by H2 reduc-  
t i o n  a t  350 O C  w i t h  r e d u c t i o n  o f  S6 t o  Y2. Because o f  the  a b i l i t y  of t h i s  
m a t e r i a l  t o  enhance a c i d i c  r e a c t i o n s ,  i t  was dec ided  t o  t e s t  i t s  a c t i v i t y  
towards t h e  decompos i t i on  of t h e  l i n e a r  PFAE f l u i d .  A c c o r d i n g l y ,  a q u a n t i t y  o f  
t h e  m a t e r i a l  c o n t a i n i n g  2 p e r c e n t  S was s y n t h e s i z e d  a c c o r d i n g  t o  t h e  method of 
Yamaguchi e t  a l .  ( r e f .  1 3 ) .  I n  f i g u r e  6(a)  i s  shown t h e  XPS spectrum o f  t h e  
m a t e r i a l  as s y n t h e s i z e d ;  t h e  presence o f  S+6 i s  demonst ra ted  by t h e  presence of 
a peak a t  170 eV ( r e f .  13) .  H e a t i n g  t h e  m a t e r i a l  a t  450 O C  i n  1 to r r  H z  y i e l d s  
m a t e r i a l  whose XPS spec t rum i s  g i v e n  i n  f i g u r e  6 ( b > .  P a r t i a l  r e d u c t i o n  o f  S6 
t o  S-2 i s  apparen t  i n  t h e  appearance o f  a second peak a t  a b i n d i n g  energy 7 eV 
l o w e r .  Thus, t h e  sur face a n a l y s i s  o f  t h e  s y n t h e s i z e d  m a t e r i a l  i n d i c a t e s  t h a t  
i t  i s  i ndeed  t h e  d e s i r e d  Fe203-based superac id .  

When t h e  s u p e r a c i d  was t e s t e d  as a c a t a l y s t  f o r  t h e  PFAE decompos i t i on ,  
t h e  r e a c t i o n  was v e r y  r a p i d ,  w i t h  a measured i n d u c t i o n  p e r i o d  o f  1 min ( U  = 
30 sec ) .  T h i s  compares w i t h  t h e  i n d u c t i o n  p e r i o d  o f  COFZ-treated FezO3, a l s o  
=l min,  and t h e  much l o n g e r  v a l u e  o f  8 min f o r  a-Fe203. 

DISCUSSION 

The r e s u l t s  o f  these  exper imen ts  l e n d  s t r o n g  s u p p o r t  t o  t h e  h y p o t h e s i s  
t h a t  t h e  o x i d a t i v e  breakdown o f  l i n e a r  PFAE f l u i d s  i n  t h e  presence o f  o x i d i z a -  
b l e  m e t a l s  i s  a r e a c t i o n  between a c i d i c  s i t e s  on t h e  s u r f a c e  o f  t h e  p a r t i a l l y  
o x i d i z e d  m e t a l ,  and b a s i c  s i t e s  on t h e  m o l e c u l a r  c h a i n .  F u r t h e r ,  t h e  r e a c t i o n  
i s  a u t o c a t a l y t i c :  t h e  i n i t i a l  s low breakdown by weak ly  a c i d i c  s i t e s  on t h e  
Fez03 r e s u l t s  i n  gaseous COF2 and o t h e r  r e a c t i v e  p r o d u c t s ,  which c o n v e r t  t h e  
su r face  t o  FeF3. The r e s u l t a n t  s u r f a c e  i s  h i g h l y  e f f e c t i v e  for f u r t h e r  break-  
down because i t  i s  s t r o n g l y  a c i d i c  and because t h e  d e n s i t y  o f  a c i d i c  s i t e s  i s  
very  h i g h .  The a c i d i c  s u r f a c e  can se rve  as an e f f e c t i v e  r e c e p t o r  f o r  a v a i l -  

P o l a r i z a t i o n  and d i s t o r t i o n  of  t h e  PFAE mole- 
a d j a c e n t  bond, and u n z i p p i n g  o f  t h e  c h a i n .  I t  

s t e p ,  t h e  a c i d i c  a t t a c k  o f  t h e  polymer,  i s  

a b l e  e l e c t r o n s  from t h e  PFAE. 
c u l e  can a l l o w  c leavage o f  an 
i s  p o s t u l a t e d  t h a t  t h e  i n i t i a  
r a t e - d e t e r m i n i n g .  

To more f u l l y  unders tand  
of t h e  a t t a c k  on t h e  c h a i n .  

t h e  i n i t i a t i o n  s t e p ,  one must i d e n t i f y  t h e  s i t e  
he re  a r e  two s i t e s  on t h e  c h a i n  which a r e  v u l n e r -  

a b l e  t o  t h i s  a t t a c k :  t h e  e l e c t r o n - r i c h  f l u o r i n e  atoms, and t h e  l o n e - p a i r  e l e c -  
t r o n s  on t h e  oxygen atoms. C o n s i d e r i n g  f i r s t  t h e  oxygen atoms, one n o t e s  t h a t  
f o r  hyd roca rbon  e t h e r s  a c h a r a c t e r i s t i c  r e a c t i o n  i s  c leavage o f  t h e  e t h e r  l i n k -  
age, i n i t i a t e d  by a c i d i c  a t t a c k  o f  t h e  oxygen atom. The r e a c t i o n  sequence i s  
shown i n  f i g u r e  7 ( a ) .  O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  ro le  p l a y e d  by t h e  p res -  
ence of an a c e t a l  l i n k a g e .  I n  hydrocarbon e t h e r s ,  t h e  presence o f  t h i s  0-C-0 
sequence i n c r e a s e s  t h e  r e a c t i o n  r a t e  by r e d u c i n g  t h e  energy  o f  t h e  t r a n s i t i o n  
s t a t e ,  because o f  t h e  s t r o n g  c o n t r i b u t i o n  o f  t h e  s t r u c t u r e s  shown i n  f i g -  
u r e  7 ( c ) .  The e x t r a  s t a b i l i z a t i o n  which these  s t r u c t u r e s  g i v e  t h e  carbenium 
i o n  makes t h e  r e a c t i o n  l e a d i n g  t o  i t  much more f a v o r a b l e  than  those  which 
r e s u l t  from nonace ta l  e t h e r  b r i d g e s .  

One must n e x t  c o n s i d e r  t h e  d i f f e r e n c e s  i n  r e a c t i v i t y  and r e a c t i o n  mecha- 
nisms which r e s u l t  when f l u o r i n e  atoms r e p l a c e  hydrogen i n  o r g a n i c  s y s t e m s .  
A s  t h e  most e l e c t r o n e g a t i v e  e lement ,  f l u o r i n e  has a ma jo r  e f f e c t  on a-atom 
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b a s i c i t y  when i t  s u b s t i t u t e s  f o r  hydrogen. Thus, f o r  example, t r i m e t h y l a m i n e ,  
wh ich  i s  weakly b a s i c ,  becomes a mo lecu le  (N(CF3>3> wh ich  i s  c o m p l e t e l y  non- 
b a s i c  ( r e f .  1 7 ) .  The e l e c t r o n e g a t i v i t y  o f  f l u o r i n e  has s i m i l a r  e f f e c t s  i n  
those a l i p h a t i c  e t h e r s  wh ich  have been s t u d i e d ;  e .g . ,  s imp le  p e r f l u o r o a l k y l  
e t h e r s  a r e  s t a b l e  t o  H I  c leavage,  and do n o t  complex w i t h  B F 3  ( r e f .  1 8 ) .  
e f f e c t  o f  t h e  f l u o r i n e  atoms i n  t h e  PFAE molecu les  shou ld  be s i m i l a r ,  i . e . ,  
s t a b i l i z a t i o n  of t h e  e t h e r  t o  a c i d  a t t a c k  a t  t h e  oxygen atoms. T h i s  would sug- 
g e s t  t h a t  f o r  t h e  PFAE's, e l e c t r o p h i l i c  a t t a c k  by  Lewis a c i d s  shou ld  o c c u r  n o t  
a t  t h e  oxygen atoms, b u t  e lsewhere  on  t h e  c h a i n .  

The 

A second p o s s i b i l i t y  for  t h e  s i t e  o f  a t t a c k  on t h e  PFAE cha ins  a r e  t h e  
e l e c t r o n - r i c h  f l u o r i n e  atoms. This i n i t i a t i o n  s t e p  has no ana log  i n  hyd roca r -  
bon c h e m i s t r y ,  b u t  a number o f  s t u d i e s  have shown t h a t  i n  f a v o r a b l e  e n v i r o n -  
ments,  t hese  nonbonding e l e c t r o n s  a r e  a v a i l a b l e  f o r  t r a n s f e r  t o  a c i d i c  
r e a c t a n t s  ( r e f s .  19 and 20).  These f a v o r a b l e  c o n d i t i o n s  a r e  p r o v i d e d  by t h e  
0-CF2-0 sequence i n  t h e  a c e t a l  l i n k a g e .  A b s t r a c t i o n  o f  e i t h e r  f l u o r i n e  atom 
r e s u l t s  i n  a carben ium ion wh ich  i s  e s p e c i a l l y  s t a b l e ,  because i t  i s  resonance- 
s t a b i l i z e d  by two a d j a c e n t  oxygens atoms, and because t h e r e  a r e  no a - f l u o r o -  
methy lene g roups ,  wh ich  a r e  known t o  d e s t a b i l i z e  t h e  carben ium i o n  ( r e f .  2 1 ) .  
For these  reasons ,  t h e r e f o r e ,  i t  i s  f e l t  t h a t  t h e  r e a c t i v i t y  o f  t h e  p a r t i c u l a r  
unbranched PFAE s t r u c t u r e  under c o n s i d e r a t i o n ,  towards Lewis a c i d s ,  Fe2O3, 
FeF3, and s u l f a t e - b a s e d  s u p e r a c i d s ,  i n v o l v e s  a c i d  a t t a c k  and a b s t r a c t i o n  of 
a c e t a l  f l u o r i n e  atoms, r a t h e r  than  a t t a c k  o f  t h e  e t h e r  oxygen atoms. The 
impor tance  o f  t h e  a c e t a l  l i n k a g e  was e s t a b l i s h e d  by t h e  absence o f  r e a c t i o n  
f o r  t h e  branched f l u i d ;  t h e  l a c k  o f  b a s i c  c h a r a c t e r  of  t h e  oxygen atoms means 
t h a t  t h e  r e a c t i o n  i s  i n i t i a t e d  e lsewhere  on t h e  mo lecu le .  The a u t o c a t a l y t i c  
b e h a v i o r  o f  t h e  system i s  a r e s u l t  o f  t h e  c o n v e r s i o n  o f  t h e  s u r f a c e  t o  h i g h l y  
c a t a l y t i c  FeF3, d u r i n g  e a r l y  s tages  o f  t h e  p rocess .  

CONCLUSIONS 

The presence o f  me ta l  o x i d e  s u r f a c e s  i n  c o n t a c t  w i t h  a c e t a l - c o n t a i n i n g  
PFAE l u b r i c a n t s  w i l l  i n e v i t a b l y  r e s u l t  i n  a c i d i c  breakdown o f  t h e  e t h e r s .  
There i s  l i t t l e  wh ich  can be done t o  t h e  PFAE c h a i n s  to  b l o c k  t h e  a c i d i c  a t t a c k  
w i t h o u t  compromising t h e  v i s c o s i t y - t e m p e r a t u r e  q u a l i t i e s  wh ich  r e s u l t  from p e r -  
f l u o r o m e t h y l e n e  groups ,  and i t  i s  t h e  presence o f  these  groups wh ich  l eads  t o  
t h e  a c e t a l  s t r u c t u r e .  T h i s  means t h a t  s o l u t i o n s  t o  t h e  t h e r m o - o x i d a t i v e  break-  
down p rob lem s h o u l d  f o c u s  on t h e  sur faces  wh ich  a r e  i n  c o n t a c t  w i t h  t h e  l i q u i d .  
Some success i n  b l o c k i n g  t h e r m o - o x i d a t i v e  d e g r a d a t i o n  o f  l i n e a r  PFAE's below 
300 O C  has been ach ieved  w i t h  t h e  use o f  a d d i t i v e s  c o n t a i n i n g  n i t r o g e n  or phos- 
phorous atoms ( r e f .  7). The a c t i o n  of these a d d i t i v e s  may depend upon t h e i r  
a b i l i t y  t o  complex a c i d i c  s i t e s  on  t h e  s u r f a c e .  O the r  approaches may i n v o l v e  
s u r f a c e  m o d i f i c a t i o n  to  l i m i t  t h e i r  r e a c t i v i t y  towards  t h e  r e a c t i v e  gases wh ich  
r e s u l t  from t h e  i n i t i a l  decompos i t i on ,  s i n c e  i t  i s  t h e  c a t a l y t i c  a c t i o n  of  t h e  
r e s u l t i n g  s u r f a c e  wh ich  a c c e l e r a t e s  t h e  breakdown. The r e s u l t s  wh ich  have 
been r e p o r t e d  he re  suggest  t h a t  an i m p o r t a n t  f a c t o r  i n  t h e  c h o i c e  o f  m a t e r i a l s  
shou ld  be t h e  s u r f a c e  a c i d i t y .  Fo l l owup  r e s e a r c h  t o  p rove  or d i s p r o v e  t h e  
hypotheses s e t  f o r t h  i n  t h i s  r e p o r t  and t o  b l o c k  t h e  r e a c t i o n s  observed shou ld  
focus  on ( 1 )  t h e  d e t a i l e d  n a t u r e  o f  t h e  i n t e r a c t i o n  between t h e  a c i d i c  r e a g e n t  
and model PFAE's, c o n t r a s t i n g  a c e t a l - c o n t a i n i n g  mo lecu les  w i t h  those l a c k i n g  
t h i s  s t r u c t u r e ,  ( 2 )  m o d i f i c a t i o n  o f  t h e  s u r f a c e s  t o  assu re  t h a t  a c i d i c  s i t e s  do 
n o t  form, and ( 3 )  a d d i t i v e s  t o  quench t h e  carben ium i n t e r m e d i a t e s  wh ich  form or 
t o  complex t h e  a c i d i c  s u r f a c e .  

8 



REFERENCES 

1 .  P .  S u t o r ,  and W .  B r y z i k ,  "Development of Advanced High-Temperature L i q u i d  
L u b r i c a n t s , "  Recent Developments i n  t h e  A d i a b a t i c  Engine, SAE SP-738, 
S o c i e t y  of Automot ive  Eng ineers ,  Warrendale,  PA,  1988, pp .  37-49. 

2 .  C . E .  Snyder,  and R.E. D o l l e ,  J r . ,  "Development o f  P o l y p e r f l u o r o a l k y l -  
e t h e r s  as H igh  Temperature L u b r i c a n t s  and H y d r a u l i c  F l u i d s , "  ASLE 
T r a n s a c t i o n s ,  Vol. 19, No. 3 ,  J u l y  1976, pp. 171-180. 

3. W.H. Gumprecht, "PR-143 - A New C lass  o f  High-Temperature F l u i d s , "  ASLE 
T r a n s a c t i o n s ,  Vol. 9, No. 1, Jan. 1966, pp. 24-30. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

C.E.  Snyder, Jr . ,  L.J Gschwender, and C. Tamborski ,  " L i n e a r  
Polyperfluoroalkylether-Based Wide-Liquid-Range High-Temperature F l u i d s  
and L u b r i c a n t s , "  L u b r i c a t i o n  E n g i n e e r i n g ,  Vol. 37, No. 6, June 1981, 
pp. 344-349. 

D. S i a n e s i ,  and A.  P a s e t t i ,  " F l u o r i n a t e d  P o l y e t h e r  Copolymers and Method 
f o r  P r e p a r i n g  Them from T e t r a f l u o r o e t h y l e n e , "  U.S. P a t e n t  3,715,378, 
Feb. 6,  1973. 

K .L .  P a c i o r e k ,  S.R. Masuda, J.H. Nakahara, and R . H .  K r a t z e r ,  " Improved 
P e r f l u o r o a l k y l e t h e r  F l u i d  Development," NASA CR-180872, 1987. 

W.R. Jones, J r . ,  K.J.L. P a c i o r e k ,  T . I .  I t o ,  and R . H .  K r a t z e r ,  "Thermal 
O x i d a t i v e  D e g r a d a t i c n  Reac t lons  o f  L i n e a r  P e r f l u o r o a l k y l  E t h e r s , "  
I n d u s t r i a l  and E n g i n e e r i n g  Chemis t r y  P r o d u c t  Research and Development, 
Vol. 22, No. 2, June 1983, pp. 166-170. 

T .R.  B ie rschenk ,  H. Kawa, T.J. J u h l k e ,  and R.J. Lagow, "The Development 
o f  New, Low-Cost P e r f l u o r o a l k y l e t h e r  F l u i d s  w i t h  E x c e l l e n t  Low and 
High-Temperature P r o p e r t i e s , "  NASA CR-182155, 1988. 

W .  Mora les ,  "Su r face  C a t a l y t i c  D e g r a d a t i o n  S tudy  o f  Two L i n e a r  P e r f l u o r o -  
p o l y a l k y l e t h e r s  a t  345°C,11 NASA TP-2774, 1987. 

D .  S i a n e s i ,  V .  Zamboni, R. F o n t a n e l l i ,  and M .  B i n a g h i ,  " P e r f l u o r o -  
p o l y e t h e r s :  T h e i r  P h y s i c a l  P r o p e r t i e s  and Behav iou r  a t  H igh  and Low 
Temperatures,"  Wear, Vol. 18, 1971, pp. 85-100. 

K .  Tanabe, S o l i d  A c i d s  and Bases; T h e i r  C a t a l y t i c  P r o p e r t i e s ,  Academic 
P ress ,  New York, 1970. 

G .  B rauer ,  ed., Handbook o f  P r e p a r a t i v e  I n o r g a n i c  Chemis t r y ,  Second 
E d i t i o n ,  Academic Press ,  New York, 1963. 

T .  Yamaguchi, T. J i n ,  and K. Tanabe, " S t r u c t u r e  o f  A c i d  S i t e s  on S u l f u r -  
Promoted I ron  Oxide,"  J o u r n a l  o f  P h y s i c a l  Chemis t r y ,  Vol. 90, No. 14, 
J u l y  3, 1986, pp. 3148-3152. 

JANAF Thermochemical Tab les ,  T h i r d  E d i t i o n ,  American Chemical S o c i e t y ,  
Washington, D.C.,  1986. 

9 



15.  M. H i n o ,  and K .  A r a t a ,  " S y n t h e s i s  o f  S o l i d  S u p e r a c i d  C a t a l y s t  w i t h  A c i d  
S t r e n g t h  o f  Ho -16.04," J o u r n a l  of t h e  Chemical S o c i e t y ,  Chemical  
Communicat ions,  No. 18, 1980, pp .  851-852. 

I 16. G .A .  O lah ,  F r i e d e l - C r a f t s  C h e m i s t r y ,  John W i l e y  and Sons, I n c . ,  New York, 
1973. 

17.  F.A. C o t t o n ,  and G. W i l k i n s o n ,  Advanced I n o r g a n i c  Chemis t r y ,  A 
Comprehensive T e x t ,  T h i r d  E d i t i o n ,  John W i l e y  and Sons, I n c . ,  New York, 
1972, 

18 .  R . E .  Banks, F l u o r o c a r b o n s  and T h e i r  D e r i v a t i v e s ,  MacDonald & Co. L t d . ,  
London, 1 970.  

19.  G.A .  O lah ,  J.R. DeMember, and R . H .  Sch losberg ,  " F r i e d e l - C r a f t s  
C h e m i s t r y .  111. M e t h y l  F l u o r i d e - A n t i m o n y  P e n t a f l u o r i d e ,  a P o w e r f u l  New 
M e t h y l a t i n g  Agen t .  M e t h y l a t i o n  R e a c t i o n s  and t h e  P o l y c o n d e n s a t i o n  o f  
M e t h y l  F l u o r i d e , "  J o u r n a l  o f  t h e  Amer ican Chemical  S o c i e t y ,  Vol. 91, 
No. 8, Apr. 9, 1969, pp. 2112-2113. 

20 .  W.G. L iauw,  and A . G .  H a r r i s o n ,  " S i t e  o f  P r o t o n a t i o n  i n  t h e  R e a c t i o n  o f  
Gaseous B r o n s t e d  A c i d s  w i t h  Halobenzene D e r i v a t i v e s , "  O r g a n i c  Mass 
S p e c t r o m e t r y ,  Vol. 16, No. 9, 1981, pp. 388-392. 

2 1 .  R.D. Chambers, F l u o r i n e  in O r g a n i c  C h e m i s t r y ,  John W i l e y  and Sons, I n c . ,  
New York, 1973. 

p/q = (0.6 - 0.7) 

FIGURE 1A. - STRUCTURE OF LINEAR PFAE USED IN 
THIS  RESEARCH. 

cF3 
I 

CF3 - (CFCF20 )n CF3 

n = IO - 20 

FIGURE 1B. - STRUCTURE OF BRANCHED PFAE USED I N  
THIS  RESEARCH, 
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FIGURE 3 .  - PRESSURE-TIME RELATIONSHIP FOR DECOMPOSITION 
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FIGURE 6 .  - SULFUR 2p XPS SPECTRUM OF SULFATE-PROMOTED 
Fe203. 
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The reactions of linear perfluoropolyalkylether (PFAE) lubricants with cr-Fe203 and Fe203-based solid superacids 
were studied. The reaction with cr-Fe;?O, proceeds in two stages. The first stage is an initial slow catalytic decom- 
position of the fluid. This reaction releases reactive gaseous products which attack the metal oxide and convert it 
to FeF7. The second stage is a more rapid decomposition of the fluid, effected by the surface FeF,. A study of 
the initial breakdown step was performed using a-Fe203, a-Fe203 preconverted to FeF?, and sulfate-promoted a- 
Fe203 superacids. The results indicate that the breakdown reaction involves acidic attack at fluorine atoms on 
acetal carbons in the linear PFAE. Possible approaches to combat the problem are outlined. 


